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Abstract In this research, the parameters of the cold spray

process were initially assessed for deposition of a pure

titanium coating layer with the thickness in the range of

800-850 lm on an AA5083 alloy substrate. Thereafter, to

enhance the structural integrity of Ti-coating layer and

decrease the coating porosity, friction-stir processing was

employed as a post-modification technique by using a flat

cylindrical tungsten carbide tool. The plunge depth of the

friction-stir tool (in the range of 0.3-0.5 mm) was found to

significantly affect the densification of the porous titanium

coating layer. Optical microscopy, field emission-scanning

electron microscopy, electron backscattering diffraction,

transmission electron microscopy analysis and indentation

Vickers micro-hardness testing were conducted on the

thickness cross-sections of cold-sprayed coatings to char-

acterize the microstructural features and mechanical

properties before and after friction-stir modification per-

formed using two different plunge depths. Furthermore,

residual stress profiles on the surface were determined by

using x-ray diffraction analysis technique. Significant grain

refinement, from an initial cold-sprayed coating grain size

of less than 25 lm to grain sizes\ 1 lm, was observed

across the thickness section of modified samples with a

gradient profile from the coating surface toward the inter-

face depending on the plunge depth. After friction-stir

processing, the hardness of a thin layer close to the surface

of coating increased up to seven times higher as compared

to the cold-sprayed material.

Keywords AA5083 alloy substrate � cold spray � friction-
stir processing � hardness � microstructure � Ti-coating

Introduction

Cold spray (CS) or in general cold gas dynamic spray

(CGDS) is well developed as a promising and novel

technology to coat the surface of different metals and

alloys with different materials by using the high-velocity

impact mechanism to attain an improvement in several

physical and mechanical characteristics (Ref 1). However,

some disadvantages may restrict the application of CS

coating (Ref 2). During high-velocity impact, the semi-

spherical morphology of particles can cause the formation

of porosities between deposited particles (Ref 3). Forma-

tion of a high dislocation density during impingement,

heterogeneous grain structure, and poor interfacial adhe-

sion/bonding are the other main concerns (Ref 3, 4), since

these features can have a detrimental influence on

mechanical performance (Ref 1). Therefore, to enhance the

integrity and homogeneity of coatings, and improve the

metallurgical bonding strength between coating and sub-

strate, implementation of a post-spray treatment offers

many benefits (Ref 1, 5). It is obvious that by applying a

simple post-annealing heat treatment to the CSed coatings,

the coating microstructure can be partly homogenized,
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which is driven by the mechanism of solid-state atomic

inter-diffusion, and leads to improved cohesion bonding at

the interface (Ref 6, 7). Meanwhile, mechanical properties

may not improve noticeably due to limitations in reducing

the pore fraction by diffusion phenomenon, along with

potential coarsening of precipitates and grains due to

thermal annealing (Ref 7). Therefore, development of

another new complementary solid-state post-modification

technique to attain a dense CS coating with a uniform ultra-

fine-grained structure is highly appropriate since this can

further enhance mechanical strength.

For structural and industrial applications, an appropriate

combination of different mechanical properties as well as

varying degrees of processing freedom is required. One

innovative adaptation surface modification methodology is

based on friction-stir processing (FSP) (Ref 8). During FSP

process, a non-consumable rotating tool is plunged down-

ward to generate the frictional heating contact, and there-

after by translating along the contact/modification line,

plastic material flow occurs at a temperature below the

melting point, while material is transferred from the lead-

ing edge to trailing side, leading to the formation of a

stirred region (Ref 9, 10). It is well accepted that the for-

mation of a fine or ultra-fine equiaxed grain structure

during FSP of metals and alloy is attributed primarily to the

dynamic restoration phenomena associated with thermo-

mechanical treatment (Ref 11, 12).

One of the interesting applications of FSP can be to

apply for modification of the structure of porous coatings

manufactured by CS process and mitigate the related

issues, although there is limited research focused on this. In

the first attempt by Hodder et al. (Ref 13), it is demon-

strated that Al-Al2O3 metal matrix composites can be

deposited on the surface of an AA6061 aluminum alloy

substrate by the low-pressure CS process, and thereafter

modified by using FSP. A hardness increase of up

to * 60% was attained after FSP owing to densification of

the coating layer and a more uniform distribution of alu-

mina particles (Ref 13). In another work by Ashrafizadeh

et al. (Ref 14), FSP was employed to modify the tungsten

carbide (WC)-based metal matrix composite coating layer

deposited by the low-pressure CS process on a low-carbon

steel substrate. Considerable improvements in hardness and

wear resistance of the coating layer were reported after FSP

compared to the as-sprayed materials (Ref 14). In a study

by Huang et al. (Ref 15), AA5056-SiC metal matrix

composites were deposited on the surface of pure alu-

minum substrate and then modified by FSP. The main

focus was on improving the tribological properties of

coating layer as caused by the hot consolidation effect

during FSP, producing a uniform dispersion of particles

with considerable microstructural refinement (Ref 15). A

two times improvement in hardness was noted for the FSP-

modified coating as well as a higher friction coefficient.

The same composite system was also applied onto an

AA2024 aluminum alloy substrate by a hybrid implemen-

tation of CS and FSP methods (Ref 16). It was found that

the combination of a reduction in porosity, particle frag-

mentation, and grain structural refinement led to a soften-

ing trend in the hardness profiles of FSP-modified coating

for that case (Ref 16). Different coating compositions of

WC-CoCr, Cr3C2-NiCr, and Al2O3 were deposited on an

AA5083 alloy substrate and thereafter modified by using a

spray-stirring route (FSP and CS) in a broad study by Peat

et al. (Ref 17, 18). The main aim was improving the ero-

sion performance (Ref 18). With a coating thickness drop

of * 40%, a hardness improvement of up to * 540% was

reported for the optimal parameters (Ref 17). In a research

by Huang et al. (Ref 19), an ultra-fine-grained high-

strength thick-coating of brass was fabricated by a com-

bined subsequent accomplishment of CS and FSP pro-

cesses (Ref 19). Characterization results showed a

noteworthy tensile strength increasing up to three times

higher as compared to the as-sprayed material, along with

an elongation enhancement of * 400% (Ref 19).

In a recent study by the present authors (Ref 20), an

AA7075 aluminum alloy coating layer was deposited on

the surface of an AZ31B magnesium alloy substrate and

then friction-stir-modified. Significant improvements in the

hardness of coating layer and substrate were noted as up

to * 80 and 30%, respectively, in correlation with the

related induced grain structural refinements. Another

research by current researchers showed the formation of

interfacial chemical bonding between aluminum and tita-

nium during CS deposition and subsequent FSP modifica-

tion by implementing the electron microscopy analysis

(Ref 21). In follow-up studies, CS process was used in the

current research to initially deposit pure titanium particles

on the surface of an AA5083 alloy substrate. Thereafter,

modification of the coating structure was achieved by

single-pass FSP. The outputs of the present research can be

relevant to specific industrial applications in the biomedi-

cal, aeronautical and automotive industries. The effects of

tool plunge depth as the main FSP controlling parameter on

the microstructural characteristics and mechanical proper-

ties of CSed coating layer before and after modification

were investigated. X-ray diffraction (XRD) analysis tech-

nique was performed for the aim of residual stress mea-

surements and accordingly the results discussed based on

developments in the microstructural features. Also, this

research can be continued in the future by evaluating the

influence of surface hardening and compressive residual

stress build-up on the fatigue performance of FSP-modified

CSed Ti-coating.
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Experimental Methodology

Materials

The non-heat treatable AA5083 (aluminum-magnesium)

alloy substrate with a thickness of 10 mm, a nominal

chemical composition of Al-4.5Mg-0.7Zn-0.85Mn-0.11Fe-

0.08Si-0.015Ti (wt.%), and in the H34 initial temper was

supplied and utilized as the substrate. It was machined to

the small samples with surface plane dimensions of

100 mm 9 100 mm before application. Also, pure tita-

nium powder with spherical morphology of particles and

average size of * 63 lm was ordered from TLS Technik

GmbH & Company (Ti Gd2, Spezialpulver KG, Germany)

and used as the coating material. Details for morphology

and size distribution of titanium particles are shown in FE-

SEM images of Fig. 1.

Cold Spray Deposition

To improve the bonding between Ti-coating and AA5083

alloy substrate, the surface of substrate was ground before

spraying and then cleaned by ultrasonic vibration in the

acetone and ethanol baths. Deposition of titanium powder

on the AA5083 alloy substrate was performed by using a

low-pressure CS system of SST series model P manufac-

tured by the CenterLine Company (CenterLine Co.,

Windsor, Ontario, Canada), connected with a series 4000

volumetric powder feeder (5MPE, Oerlikon Metco, West-

bury, NY, USA) using nitrogen as carrier gas to transport

the powder from storage to nozzle. In the design of this

machine, a commercial CS gun with a converging–di-

verging de Laval UltiLife TM nozzle with a length of

120 mm, orifice diameter of 2 mm, and exit diameter of

6.3 mm was mounted on a robotic arm (HP-20, Motoman,

Yaskawa Electric Corp., Waukegan, IL, USA) for auto-

matic controlling and to enhance the repeatability of

coating depositions. High-pressure compressed nitrogen

gas was used as carrier gas to accelerate the titanium

powder particles. Also, the other conditions and parameters

used during CS process to produce a layer of Ti-coating

with the thickness in the range of 800-850 lm were found

as follows. The criteria for this evaluation involved varying

the processing parameters to reach a good deposition of

titanium on the AA5083 substrate with a sound surface

appearance. The inlet pressure and temperature of nitrogen

gas as the working fluid were determined as 1.42 MPa (203

psi) and 500 �C, respectively, with a feeding rate of 7 rpm

(2.24 g/min). The stand-off distance between the substrate

and nozzle exit was kept constant about 30 mm. For CS

deposition, a surface with dimensions of 40 mm 9 100

mm was covered with the transverse hatches (overlapped

layer beside of layer deposition along the transverse

direction) by setting the gun traverse velocity to 2.5 mm/s

and step over of 2.5 mm. A top-view image from the

surface of processed sample (AA5083 alloy substrate

coated with a titanium layer) is presented in Fig. 2(a).

Based on preliminary testing and examinations, the other

ranges of CS processing parameters from the highlighted

working window defined earlier could not provide better

Ti-coatings with improved surface appearance or integrity.

Modification by Friction-Stir Processing

In the next step, the produced CS coating layer was mod-

ified by FSP process. A single FSP pass was accomplished

parallel to the longitudinal direction of substrate by using a

high-power displacement-controlled 7.5-HP spindle verti-

cal commercial milling machine (Jafo Manual Universal

Milling Machine, Manchester, England). To minimize the

chemical reactions between FSP tool and Ti-coating, a

tungsten carbide (WC) pin-less simple cylindrical tool with

the shoulder diameter of 12 mm was used. Various pro-

cessing parameters were assessed by FSP modification to

identify a suitable working window which avoided exces-

sive vibrations. After some iterative trials, FSP process was

conducted on the main CSed sample along the length by

keeping a constant tool tilting angle of 2.5� with respect to

the substrate plane to prevent from chipping of Ti-coating.

Also, the main FSP parameters were controlled as tool

Fig. 1 FE-SEM images from

the titanium particles at two

different magnifications
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rotational speed (w) of 900 rpm and traverse velocity (v) of

63 mm/min with a clockwise direction of rotating tool. As

highlighted in previous studies (Ref 13, 20), the tool plunge

depth has a significant influence on the modification of

CSed coatings by using FSP. Therefore, two different

plunge depths (0.3 mm as low, and 0.5 mm as high) of FSP

tool into the Ti-coating were tested in this work to study

their related developments. Figure 2(b) shows the image

from friction-stir-modified CSed coatings with small and

high tool plunge depths. Images demonstrating the exper-

imental accomplishment of these high and low plunge

depth steps of FSP modification on the CSed Ti-coating are

shown in Electronic Supporting Information (ESI)

Figs. S1a and S1b, respectively.

Microstructural Characteristics

The specimens processed with low (0.3 mm) and high

plunge depths (0.5 mm) were cross-sectioned perpendicu-

lar to the FSP direction by using a diamond cutter. The

thickness section across the FSP direction was examined

for further microstructural studies. After standard metal-

lographic sample preparation procedures by mechanical

grinding and polishing on diamond pastes down to 0.1 lm,

the microstructure of substrate and coating layer was

revealed by a two-step chemical etching process. At first,

etching of AA5083 alloy substrate was performed by using

a modified Poulton’s reagent (a mixture of 1 ml H2O-6 ml

HNO3-1 ml HF-12 ml HCl and 25 ml HNO3-1 g H2CrO4-

10 ml H2O solutions) for about 5-10 s. To etch the Ti-

coating layer, mechanical polishing of surface was con-

tinued by vibratory polishing on the colloidal silica (SiO2)

suspension with the average particle size of 20 nm for

about 45 min. Then, chemical etching was performed by

using a commercial Kroll’s reagent (distilled water–nitric

acid–hydrofluoric acid) for about 5 s. Macro-patterns of

material flow were observed under a Nikon stereographic

microscope (Nikon, USA). An Olympus optical micro-

scope (OM, Olympus PME3, Germany) was used for the

aim of microstructural observations. The average grain size

was measured using the standard linear intercept method

described in ASTM E112. To study the structural devel-

opments in Ti-coating layer before and after CS and FSP

processes, the polished metallographic samples before

chemical etching were examined under a field emission–

scanning electron microscope (FE-SEM, Zeiss Leo 1530,

ZEISS, Germany) equipped with an energy-dispersive

x-ray spectroscopy detector/orientation imaging micro-

scopy (EDX/OIM). The fraction of porosities within the

deposited coating layer before and after FSP modification

was estimated by image analysis for at least 20 cross-sec-

tional FE-SEM micrographs. After performing broad ion-

milling on the titanium coating layer, its grain structure

was studied under FE-SEM microscope using the chan-

neling contrast concept. More details characterizations on

the grain structure of titanium coating layer after FSP

treatment were performed by using transmission electron

microscopy (TEM) analysis.

Indentation Hardness

Mechanical property of CS-deposited Ti-coating layer

before and after FSP modification was assessed in the

terms of indentation hardness testing from different regions

across the thickness section of processed samples. These

Vickers micro-indentation hardness measurements were

performed according to ‘‘ASTM E384-17’’ Standard Test

Method (Ref 22). The AA5083 alloy substrate, CSed Ti-

coating, and different locations (advancing side, center

line, retreating side, and Al/Ti interfaces) of low and high

plunge depth FSP-modified coatings were evaluated by

Vickers hardness indentation perpendicular to the FSP line.

These measurements were performed using a Buehler

Vickers micro-hardness indenter (Buehler, Germany) with

an applied load of 300 g and dwell time of 15 s. The

hardness results were reported in the optical images from

the indentation features, with the Vickers micro-hardness

values indicated at each indent location.

Fig. 2 (a) The CS-deposited AA5083-Ti sample. (b) FSP modifica-

tion on the cold-sprayed titanium layer at two different plunge depths
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Results and Discussion

Cold Spray Deposition of Ti-Coating on the AA5083

Alloy Substrate

FE-SEM images from the structure of deposited Ti-

coating on the AA5083 alloy substrate are presented in

Fig. 3 (before chemical etching). The coating structure

appears porous, where the fraction of porosity was cal-

culated by image analysis to be * 30%. Furthermore, it

seems that with increasing distance from Al/Ti interface

the coating structure became more porous in the layers

close to top surface. This heterogeneous trend of pore

formation is related to the layer-by-layer deposition of

material and the gradual decrease in effective surface for

deposition by shifting from the interface toward the top

surface layer. The interface morphology between the as-

sprayed coating and substrate exhibits a wavy pattern.

This wavy interface is common during cold spray

deposition and similar to explosive welding process, but

in a microscale here. The EDS elemental mapping

analysis results from Al-Ti bimetallic structure produced

by CS are shown in Fig. 4. As expected, considering the

low deposition time and moderate inlet gas preheating

temperatures during the CS process, there is no signifi-

cant large-scale inter-diffusion between Al, Mg and Ti

elements at the bonding interface.

Effects of FSP Process with Two Different Plunge

Depths on Material Flow

In Fig. 5(a) and (b), influence of FSP modification at low

(* 0.3 mm) and high plunge depths (* 0.5 mm) on the

materials flow pattern for the CSed coating layer around

the shoulder-affected zone is illustrated with presentation

and combination of some stereographic and optical

micrographs. The considerable influence of FSP on densi-

fication of porous the Ti-coating in both the low and high

plunge depth processing conditions can be noted, due to the

forging action and deformation imposed by the tool (Ref

9, 10, 23). This densification affect appears to be more

intense under the high plunge depth forging condition, as

supported by close-up view in high-magnification images

in Fig. 5(b).

Grain Structural Evolution

Optical grain structures from the thickness center and

surface sections for initial AA5083 alloy substrate are

shown in ESI Figs. S2a and S2b, respectively. An elon-

gated and an equiaxed grain structures are seen for the

thickness and surface cross-sections of as-received sub-

strate, respectively. In Fig. 6(a) and (b), optical micro-

graphs from the grain structure of the CS-deposited Ti-

coating layer after chemical etching reveal the grain

Fig. 3 FE-SEM images from

the structure of CSed Ti-coating
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structure as well as the particle boundaries consists of a

globular morphology with an average size of lower than

25 lm. Since both of grain and particle boundaries are

simultaneously etched for Ti-coating by using Kroll’s

reagent, and the particle boundary coincides with a grain

boundary as well, the reported mean grain size values in

this section and onwards represent an average contributed

from both of these factors.

Figure 6(c), (d) and (e), (f) demonstrates the effects of

low and high plunge depth FSP modifications on the grain

structure of Ti-coating layer, respectively. For the low

plunge depth sample, the grain structure of the coating

close to the interface is the same as the as-deposited CS

one, although with a lower fraction of porosity due to

densification imposed by the forging action of the rotating

tool. Meanwhile, the grain structure is gradually more

refined toward the top surface layer (see Fig. 6c, d). A thin

layer on the surface with a very fine structure and different

morphology or contrast is visible. It is difficult to estimate

the accurate mean grain size for this thin layer on the

surface. However, at high-magnification optical micro-

images suggest that this layer is finer than one micron. For

the high plunge depth sample, the thickness of this fine-

grained layer is considerably deeper with a different

material flow pattern due to the more aggressive forging

action and severity of tool stirring. In addition, the globular

microstructure near interface is refined more considerably

compared to the low plunge depth specimen, with a cor-

responding reduction in porosity as well.

In the case of Ti-coating, studying the microstructural

features with more details revealed very interesting aspects

as presented in Fig. 7 and 8. FE-SEM images from Ti-

Fig. 4 An FE-SEM image

combined with the elemental

mapping analysis results from

the interface of CSed Ti-coating

with the AA5083 alloy substrate
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coating after ion-milling in Fig. 7 demonstrate a grain

structure elongated perpendicular to the deposition direc-

tion in the micron scale by channeling contrast observation.

Further characterization of modified titanium coating close

to its interface with aluminum substrate by TEM analysis is

illustrated in Fig. 8. Formation of a sub-grain structure

from ultra-fine grains with average size of less than 500 nm

can be noted caused by high strain rate intense plastic

deformation of CS deposition and subsequent friction-

stirring step. By considering the stacking fault energy and

microstructure of the examined AA5083 alloy substrate

and pure Ti-coating, discontinuous dynamic recrystalliza-

tion (DDRX) assisted by dynamic recovery (DRV) has

been cited as the main operative mechanisms during FSP of

these alloys in prior work (Ref 24, 25). As reported in the

literature (Ref 26, 27), the maximum temperature of the stir

zone during FSP of pure titanium is generally higher than

the a to b titanium phase transition temperature

(* 882 �C). This implies that the hot deformation process

followed by forging and consolidation usually occurs in the

b phase crystal structure. Therefore, observation of this

different layer on the surface with an equiaxed morphology

of grains can reveal transformation of sub-structure to a0-Ti
lath- and lens-martensite (b to a0 transformation) structure

after the dynamic recrystallization phenomenon (Ref

25, 27).

Microstructural Developments During FSP

Modification

Combined FE-SEM images showing the material flow

patterns across the thickness section of the low and high

plunge depth friction-stir-modified Ti-coatings are pre-

sented in Fig. 9(a) and (b), where evidence of considerable

densification and homogenization can be seen in these

macrographs. As seen, the thickness of the CSed Ti-coating

varied from 800 to 850 lm. High-magnification FE-SEM

images from the structure of modified CS coating with low

plunge depth at different regions are shown in Fig. 9(a). It

can be found that the structure of the coating close to

surface section became fully dense due to the effect of the

forging imposed by the FSP tool; however, a fraction of

porosity and inhomogeneities still remain at the Al/Ti

interface. In the FE-SEM images from the high plunge

Fig. 5 Stereographic macro-

profiles from the thickness

cross-sections of modified Ti-

coatings by FSP at (a) low and

(b) high plunge depths as

combined with the related

optical micro-images
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depth FSP specimen (shown in Fig. 9b), full densification

is evident in the regions close to the Al/Ti interface. Also,

some complex materials flow patterns are visible on the

surface layer. Furthermore, the macro- and micro-locking

morphologies at the interface are completely different from

the low plunge depth sample with a long and fine wavy

pattern. During these FSP modification steps, no shielding

gas was used for protection. Therefore, exposure to the

atmosphere can affect the structure of the hot surface layer

after it emerges from under the rotating shoulder during

frictional heating and severe plastic deformation. Oxygen

and nitrogen exhibit high affinities for titanium in the solid

solution as interstitials which played role as a-stabilizer
elements (Ref 26). Thus, these will accelerate the b to a0

phase transformation to produce martensite upon cooling

from high temperature after FSP modification. In XRD

pattern from the surface of FSP-modified Ti-coating as

shown in Fig. 10, the presence of some retained b-phase

upon transformation to room temperature is noticeable as

well as the titanium oxide phase.

This chemical adsorption process for trapping or binding

of O2 and N2 elements occurs by hot severe plastic mixing

during FSP process and exposing the surface plasticized

material to the atmosphere (Ref 27). Consequently, pickup

of elements can be accelerated by their strong affinity of

titanium with oxygen and nitrogen elements (Ref 25).

Therefore, the driving force for this adsorption phe-

nomenon can be exothermic in nature similar to nitriding

and oxidation processes (Ref 25, 27). By continuing the

FSP process along with gradual exposure of the processed

material to the atmosphere, solid-state diffusion will play

an important role in the formation of a hardened surface

layer. Since the diffusion is a rate-controlling phenomenon

as a function of temperature and time, higher maximum

temperature with more exposure or dwell time can accel-

erate this process (Ref 25, 27). Due to grain structural

Fig. 6 Optical grain structures

of (a, b) as-sprayed Ti-coating,

and modified ones after FSP by

(c, d) low and (e, f) high plunge

depths, at two different

magnifications
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refinement during FSP leading to an increase in the fraction

of grain boundaries, interstitial diffusion of N and O ele-

ments within the structure of the processed titanium surface

will increase. It is also possible for Ti/titanium oxide and

Ti/titanium nitride in situ composites to form as a surface

layer if no shielding is used due to diffusion of O and N

Fig. 7 Channeling contrast FE-

SEM images from the grain

structure of FSP-modified Ti-

coating after ion-milling and

etching

Fig. 8 TEM images showing

the sub-grain structure of Ti-

coating close to the interface

with aluminum substrate for

high plunge depth sample
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Fig. 9 Combined maps of FE-SEM images showing the cross-

sectional materials flow patterns for the (a) low and (b) high plunge

depths friction-stir-modified cold-sprayed coatings. High-

magnification FE-SEM images from the structure of CSed Ti-

coatings after FSP modification at low and high plunge depths

illustrated as well

Fig. 10 XRD pattern from the

surface of FSP-modified Ti-

coating
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elements in the solid state. The flow band profiles in

Fig. 9(b) are showing the complex material flow pattern for

the mixing and stirring of the exposed layer on the surface

during FSP treatment. It is obvious that by increasing the

tool plunge depth during FSP and subsequently improving

the densification and processing peak temperature, the

extent of these exothermic reactions can be accelerated, as

suggested by a comparison between Fig. 6(c), (d) and (e),

(f).

Micro-hardness profiles across different regions

Figure 11(a) illustrates the Vickers micro-hardness survey

for the initial AA5083 alloy substrate. Considering the

various hardness measurements, an average hardness value

of * 105 HV can be reported for the substrate. In

Fig. 11(b), a micro-hardness survey from the CSed Ti-

coating near the interface is shown. The hardness varies

drastically from 75 to 110 HV depending on various

locations from the Al/Ti interface, due to the widely

varying porosity and complex strain field in the deposited

particles. This fluctuation in the hardness results for Ti-

coating can be due to presence of pores as well as the

complicated strain hardening phenomena during CS

deposition of titanium particles by dislocation-related

mechanisms (generation, movement, accumulation, and

intersection) due to shot-peening effect of particles (Ref

28). Figure 12(a), (b) and (c) shows the micro-hardness

maps from advancing side, centerline, and retreating side

of the Ti-coating layer after FSP modification with low

plunge depth. As seen, closing to the top surface side the

amount of indentation micro-hardness is continuously

increased. Also, the maximum magnitudes of Vickers

hardness are observed in the center region. A hardness

value up to * 700 HV is measured after FSP modification

on the surface layer. In Fig. 13, the hardness results from

the same regions of high plunge depth modified sample are

reported. Extensive hardening of surface layer caused by

FSP treatment is obvious for this specimen as well. A

gradual hardness increases from the AA5083 alloy sub-

strate toward the Al/Ti interface and thereafter the top side

of Ti-coating layer can be easily found by considering

Fig. 14. Furthermore, the mean indentation Vickers hard-

ness values of different regions (advancing side, center,

retreating side, and close to the Al-Ti interface) for the low

and high plunge depths FSP-modified CSed coatings are

summarized in Table 1 along with their related standard

deviations. These results are related to the retreating side of

high plunge depth modified sample. These indentation

hardness improvements for the CSed Ti-coating after FSP

conduction are in good agreement with the observed

structural refinement shown in Fig. 6-8. These features can

be attributed to the following micro-mechanisms: (1)

densification and reducing the fraction of porosities, (2)

promoting the grain structural refinements according to the

operative dynamic restoration mechanisms, (3) intense

plastic deformation and induced further strain hardening

effect, (4) martensitic phase transformation, and (5) addi-

tional solid-solution strengthening effect because of N and

O elements pickup.

Conclusions

In the current study, a dense and homogenous Ti-coating

layer with superior mechanical properties was deposited on

the AA5083 alloy substrate by an innovative hybrid

implementation of CS and FSP. The main findings can be

summarized as follows:

• Evaluation of CS parameters (pressure and tempera-

ture) with satisfactory conditions (203 psi and 500 �C)
leads to the formation of a porous (* 30%, i.e., 30%

pores and 70% dense material) Ti-coating layer with a

thickness in the range of 800-850 lm.

• By subsequent application of the FSP process on the

CSed layer, it is possible to achieve localized surface

modification, a fine-grained, uniform, and pore-free

structure in the Ti-coating. Material forging, intense

plastic deformation, and thermal exposure during FSP

cause the significant densification, grain structural

refinement, and thereby closing the pores.

Fig. 11 Micro-hardness maps

for the (a) AA5083 alloy

substrate and (b) CS-deposited

Ti-coating layer

J Therm Spray Tech (2019) 28:1185–1198 1195

123



• The material flow within the cold-sprayed coating layer

during FSP and subsequent microstructural features

were highly dependent on the amount of plunging

depth. In the case of low plunge depth sample

(* 0.3 mm), localized modification was occurred in a

layer close to the surface of Ti-coating. However, the

regions close to the interface looks still porous. By

increasing the plunge depth (up to * 0.5 mm), com-

plete densification is achieved with no porosity, along

with severe grain structural refinements (\ 1 lm) and

formation of a new wavy morphology at the Al/Ti

interface.

Fig. 12 Micro-hardness maps

for the (a) advancing side,

(b) center, and (c) retreating

side of low plunge depth

modified CSed coating layer by

FSP. The modified FSP layer

close to surface covered in these

images

Fig. 13 Micro-hardness maps

for the (a, b) advancing side,

(c) center, and (d) retreating

side of high plunge depth

modified CSed coating layer by

FSP
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• FSP has resulted in high Vickers hardness up to the

value of * 700 HV over the deposited Ti-coating.

Formation of this hard layer on the surface after FSP

modification can be attributed to the titanium oxidation

and nitrogen absorption (to form titanium oxide and

titanium nitride phases) during process as well as the

coating densification, microstructural refinement, and

work-hardening.
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